Objective: Current evidence suggests that obesity is associated with alteration of sweet taste perception. The purpose of this study was to determine if nonsurgical cognitive behavioral therapy (CBT)-based weight loss can cause a change in sweet taste perception. Methods: This case-control study consisted of 51 women aged 21-64 years. Twenty-seven with obesity or overweight were assigned to an obesity (OB) group (BMI: 29.8 ± 0.5 kg/m 2 ) and 24 to a normal control (NC) group (BMI: 20.9 ± 0.3 kg/m 2 ). The OB group underwent a 30-week weight loss intervention using CBT-based group therapy. The results of measurement of detection threshold, suprathreshold perceived intensity, preference, and palatability, elements of sweet taste perception, were compared before and after the intervention. Psychological variables and appetite-related hormonal levels were measured. Results: Twenty-three patients and 22 controls completed the study. The OB group showed a 14.6% weight loss after the intervention. At baseline, the OB group preferred significantly higher sucrose concentrations than did the NC group; however, this difference was no longer significant after intervention. In the OB group, persistent pleasure and reduced desire for other taste, measured by repeated exposure to sweetness, normalized after weight loss to levels comparable to those seen in the NC group. No significant difference in discriminative perception of the threshold concentration or the suprathreshold sensory value was found between the two groups before or after intervention. A significant correlation was found between the basal preferred sucrose concentration and the serum leptin level of the OB group after adjusting for confounding factors, such as BMI, depressive symptom score, and trait-anxiety scores. Conclusions: Weight loss in-duced by CBT-based nonsurgical intervention resulted in the normalization of the sucrose preference and palatability of women with obesity. Leptin activity may be associated with the altered sweet taste preference of people with obesity.
Introduction
Obesity is a multifactorial disease determined mainly by lifestyle factors, such as food intake and physical activity. As the prevalence of obesity and related diseases continues to grow, prevention through nutritional and lifestyle modification is imperative. In order to offer more specific and efficacious recommendations and interventions, a better understanding of the mechanisms underlying increased calorie intake and/or unbalanced diet is needed.
Current evidence suggests that sweetened foods have an impact on the development of obesity, with a recent review concluding that sugar-sweetened beverage consumption is positively associated with obesity indices, both in children and adults [1] . Eating behavior is motivated both by the need to restore homeostasis and by a preference for food with high fat and/ or sugar content. Moreover, a recent study demonstrated that sweet hedonic liking correlated positively with total energy and carbohydrate intake measured by food records [2] .
Many studies have investigated if individuals with obesity have different sweet taste perception than normal-weight individuals. Some have reported that obesity is associated with alteration in sweet taste sensitivity, which could contribute to increased food intake [3] . Bartoshuk and colleagues used the general Labeled Magnitude Scale (gLMS) procedure [4] to show that individuals with obesity experience decreased sweetness of food and an increased liking for sweetness compared to individuals of normal weight [5] . Furthermore, recent studies have reported that the hedonic component of sweet taste perception decreased after Roux-en-Y gastric bypass (RYGB) and that sleeve gastrectomy induced weight loss [6, 7] . Several mechanisms, such as hormonal or anatomical changes resulting from the operative procedure, have been proposed to explain the decrease in perceived sweetness. However, it is unclear if the change in taste perception is a surgery-specific phenomenon or if it is a general phenomenon that accompanies weight loss.
The primary goal of this study was to determine if nonsurgical weight loss would also change sweet taste preference and palatability. We tested a group of women with obesity (OB) and a normal-weight control (NC) group for sweet taste perception before and after cognitive behavioral therapy (CBT)-based weight loss by the OB group.
Materials and Methods

Participants
The participants were recruited through an advertisement posted in the local newspaper. The investigators provided the details of the study and answered questions from individuals who were interested in participating and who met the eligibility requirements. The exclusion criteria were as follows (1): diagnosed with a taste disorder (2); history of sinusitis or any current sinus-related problems (3); weight loss of over 5 kg in the previous 6 months (4); history of bulimia nervosa or anorexia nervosa (5); pregnant or breast-feeding during the study period or intention to become pregnant within 2 years of the study (6); use of any medication or supplement that might affect weight or taste (7) ; history or current diagnosis of an illness that might affect weight, e.g. malignancy or endocrine disease (8); use of medication for the treatment of psychiatric disease (9); intention to move or relocate during the research period. Of the 51 women, aged 21-65 years, who met the criteria, 27 with a body mass index (BMI) between 25 and 40 kg/m 2 were placed in an obesity group (OB) and 24 with a BMI between 19 and 24 kg/m 2 were placed in a normal control group (NC). Weight and height measurement was done with a fully automatic measuring system (Francics MX-300). The enrolment period lasted from September 2015 to June 2017. Figure 1 illustrates the flow of the study. Demographic, lifestyle, and health history data were collected from each of the participants.
Experimental Procedures
The tests were performed after fasting for 12 h overnight at home. The OB participants visited the Department of Psychosomatic Medicine of Kyushu University Hospital for assessment before and after the 7-month weight loss program. The NC group was tested in the same schedule. Data related to menstrual status and smoking habits were also obtained because of their potential to affect taste perception [8, 9] .
Taste Stimuli
For threshold testing, sucrose solution was prepared in quarter-log dilution steps, with concentrations ranging from 1 to 1 × 10-4 M. To assess the suprathreshold intensity of taste perception, we used 0, 0.09, 0.36, and 1.05 M sucrose solutions. For preference testing, 0.09, 0.18, 0.35, 0.7, and 1.08 M sucrose solutions were used. All solutions were prepared using deionized water and presented at room temperature (20-22 ° C).
Sensory-Discriminative Component of Sweet Taste Perception Detection Thresholds
The sucrose threshold concentration was determined through a two-alternative, forcedchoice staircase procedure [10, 11] . Participants were presented with pairs of solutions, one of which was sucrose solution and the other deionized water. The concentration for the sucrose solution began at 1 × 10-4 M. After tasting each of the solutions without swallowing, the participants were asked to choose the one they thought contained the sweet taste. If their groups underwent evaluation including the measurement of taste perception before and after weight loss by the OB group. Four participants from the OB group dropped out due to the following reasons: Unwillingness to follow the program (n = 2), family problems (n = 1), and pregnancy during the 7-month weight loss period (n = 1). Two participants from the NC group were unable to participate in the second evaluation, while the remaining 22 individuals completed the second evaluation. choices were incorrect, the level of the presented dilution step was increased. It was decreased after two consecutive correct responses. The procedure was terminated when four reversals occurred and the following two criteria were met [10] : (1) two successive reversals had occurred within two dilution steps; (2) the series of reversals could not form ascending patterns (one in which positive and negative reversals need to be achieved at successively higher concentrations). The threshold concentration was provided by the mean of the log values of the last four reversals.
Suprathreshold Sensory Function
The gLMS [4] was used to scale the perceived intensity of the suprathreshold concentrations of the series of concentrations of sucrose. After the participants were instructed about the use of the gLMS; two blocks of four concentrations for each taste were presented to the participant in a random order. After tasting each solution, the participant rated perceived intensity of sweetness on the gLMS scale. The estimate of the subject' taste intensity for each stimulus was provided by computing the mean value of intensity of each concentration during the two-block series.
Hedonic Component of Sweet Taste Perception Preference Test
To determine the concentration of sucrose preferred by the participant, a forced-choice, paired-comparison tracking technique was used according to the previously reported methodology [6, 11, 12] . Participants were presented with pairs of solutions that differed in the concentration of sucrose and asked to taste both solutions for 10 s, without swallowing. Participants rinsed their mouth with deionized water after tasting each solution. After tasting both of the solutions, they were asked to choose the one they preferred. They were first presented with a pair of samples with moderate concentrations (such as 0.18 vs. 0.35 M). After they choose one of them, subsequent presentations involved pairs of solutions consisting of (1) the solution chosen in the prior task; (2) a solution that was the successive higher or lower concentration. The procedure was continued until the participant had either chosen a solution of a specific concentration when it was paired with both higher and lower concentrations or had chosen the solution with the highest or lowest concentration. We then repeated the above task by presenting the pairs of solutions in the reverse order. Sucrose preference was estimated by computing the geometric mean of the concentrations of the final solution chosen in each trial.
Sweet Taste Palatability Test
The palatability of the sweet taste was measured using a validated experimental procedure as previously described [6, 13] . Participants were asked to record the intensity of pleasantness of the taste and the desire for a different taste after tasting a 10 mL sample of a sucrose solution (24% w/v) for 10 s, without swallowing. They rated the former using the hedonic version of the gLMS (ranging from -100 to 100; -100 = strongest imaginable displeasure of any kind, 0 = neural and 100 = strongest imaginable pleasure of any kind) [14] and the latter using the regular gLMS (ranging from 0 to 100; 0 = barely detectable and 100 = strongest imaginable sensation of any kind). The trial was repeated 10 times at 2-min intervals, without any interstimulus rinse.
Measurement of Appetite Hormonal Markers
Fasting blood samples were drawn from a vein in the antecubital fossa between 10: 00 a.m. and 12: 00 noon. The separated serum samples were stored at -80 ° C until they were analyzed. The serum hormone level was measured using commercially available kits. The serum leptin level was analyzed by radioimmunoassay (Hitachi Aloka Medical Ltd., Tokyo, Japan). The active ghrelin level was measured by enzyme-linked immunosorbent assay (Molecular Devices, Tokyo, Japan).
Psychological Measurements
Depressive symptoms and trait-anxiety scores have been reported to be inversely correlated with the sweet taste threshold [15] . Therefore, depressive symptoms were evaluated using the Japanese version of the Center for Epidemiologic Studies-Depression Scale (CES-D), for which the test-retest reliability and concurrent validity have been thoroughly documented [16] . The CES-D is a 20-item, self-report questionnaire, with scores ranging from 0 to 60 and higher scores indicating more severe depressive symptoms [17] . The anxiety levels were evaluated using the Japanese version of the State-Trait Anxiety Inventory (STAI) [18] . The STAI is a self-report questionnaire consisting of two scales: STAI-1 assesses state-anxiety levels, while STAI-2 assesses trait-anxiety levels. Each scale consists of 20 items that together indicate the presence or absence of anxiety symptoms [19] .
The severity of binge eating was assessed using the Binge Eating Scale (BES) [20] . It comprises 16 self-administered items designed to measure the behavioral and emotional/cognitive symptoms associated with binge eating. Each item presents three or four differently weighted statements, with a final score varying from 0 to 46. Eating behavior was also evaluated using the Japanese version of the Three Factors Eating Questionnaire (TFEQ), for which high consistency and construct validity have been confirmed for patients who are obese or overweight [21] . The 51-item TFEQ consists of three eating behavior factors; Restraint, Disinhibition, and Hunger [22] . We also assessed eating behavior using the Japanese version of the Dutch Eating Behavior Questionnaire (DEBQ), the validity and reliability of which have been evaluated in a previous study [23] . The DEBQ is a 33-item self-rated questionnaire that is divided into three subscales: restrained eating, emotional eating, and external eating [24] . Respondents rate each item on a 5-point Likert scale, with scores ranging from 1 (seldom) to 5 (very often). Item scores for each subscale were added to obtain an overall subscale score, which was then divided by the number of subscale items to produce a final score between 1 and 5.
Weight Loss Intervention
We used the CBT-based weight loss program for obesity originally developed by Cooper [25] and modified for use in our group therapy program, which was conducted in small groups consisting of 10-12 participants [26] . The program consisted of 26 group sessions and 4 individual sessions (26 for the weight reduction phase and 4 for the weight maintenance phase), conducted once a week for 7 months. The weight management sessions were conducted by two study physicians who were highly qualified psychotherapists with specialized training in CBT and by two certified dietitians. The sessions included the following three components:
Diet Management
In the first session, the participants were instructed to record all the foods and beverages they consumed, to measure the precise amounts on kitchen scales at home, and to write the results into a record sheet. They were also trained to calculate the energy of the specific food eaten using a food exchange list [27] . For the first 7-day diet record, the mean total energy and nutrient intakes were self-calculated and then confirmed through a recall interview by nutritionists. The regimen was composed of specific, prescribed nutritional policies to comply with guidelines [28] . The participants were instructed to consume a regular daily food diet containing 500 kcal less than their baseline total calorie intake (approximately 1,400-1,500 kcal). The carbohydrate, protein, and fat balance was as follows: 50-60% of the daily calories were provided from carbohydrate, 15-20% from protein, and 20-30% from fat. The participants were expected to reduce sweets consumption to within 10% of the total intake. Also, it was recommended that they consume a minimum of 350 g per day of vegetables, divided equally among three meals, as described in the guidelines of the Ministry of Health, Labour and Welfare [29] .
Physical Activity Participants were encouraged to increase their level of physical activity. They did their own specific goal-setting at every weekly session after the 8th week and were encouraged to increase their walking steps gradually to moderate intensity levels (such as 8,000-10,000 steps/day).
Stress Management
Cognitive reconstruction and problem solving are the main components of our stress management program [30] . During the sessions, participants worked on issues concerning eating behaviors that might trigger excess calorie intake. This was done to relieve anxiety, compulsiveness, and emotional and impulsive eating.
Statistical Analyses
All continuous variables are expressed as mean ± standard error, except for the preference concentrations, for which the median ± interquartile range is used. All analyses were performed using the SPSS version 22.0 J statistical software package (IBM SPSS Statistics, Chicago, IL, USA).
Comparisons of changes in taste detection threshold, appetite hormonal markers, and nutrition-related or psychological variables were evaluated using the paired t test after the data of participants who dropped out were removed. Nominal clinical data were analyzed by the χ 2 test. Suprathreshold perception intensity data were positively skewed and required transformation into their square root values to approximate normal distribution. Two-way analysis of variance (ANOVA) was used to determine the difference between groups in the perceived intensity of suprathreshold concentrations. Sweet taste preference data were also skewed; thus, the Mann-Whitney U test was applied to compare the preference data between groups. To investigate correlation between sucrose preference and serum leptin level, sweet taste preference data were subjected to logarithmic transformation in order to indicate the normal distribution; then, Pearson correlation analysis and partial correlation analysis were applied to adjust for cofounding factors. The sweet taste palatability values at each trial were normalized with respect to the value at the first trial. Because they showed non-normal distribution, the Mann-Whitney U test was used to compare the difference in the first trial values of the groups. The normalized data were then compared with repeated measures ANOVA after exclusion of the extreme outliers based on the Smirnov-Grubbs' outlier test (measurements of two cases of the NC group were removed for the analysis of "pleasure elicited by sweetness," as were those of two cases in the OB group and two cases in the NC group for "desire for other taste"). To assess interaction effects, Greenhouse-Geisse correction was used when the Mauchly's test indicated that the assumption of sphericity had been violated. Bonferroni correction was applied to adjust for the simple main effect. Results with p values less than 0.05 were considered significant.
Results
Clinical Characteristics
Baseline characteristics are shown in Table 1 . The groups did not significantly differ in age, marital status, job condition, smoking habits, fasting serum level of glucose, or zinc level. The average body weight of the OB group decreased by 14.6% after the weight loss intervention. 
Psychological Variables, Energy Intake, and Nutrient Consumption
The BES disinhibition and hunger scores of the TFEQ and the emotional and external eating scores of the DEBQ were significantly higher in the OB group than in the NC group at baseline ( Table 2 ). All except for the emotional eating score were significantly decreased after weight loss in the OB group, while the restrained eating scores of TFEQ and DEBQ were significantly increased ( Table 2 ).
In the OB group, the average daily energy intake values were significantly lower after the weight loss intervention (1,765 ± 54 kcal during the first week of intervention and 1,256 ± 25 kcal during the last month of intervention, p < 0.001), as were the average daily energy intake values from sweets (217 ± 24 and 78 ± 5 kcal, respectively, p < 0.001).
Sensory-Discriminative Component of Sweet Taste Perception
We first examined the sucrose detection threshold. No significant difference was found between the groups before the intervention (NC: 9.9 ± 1.2 mM; OB: 11.0 ± 1.4 mM, p = 0.57). No significant weight loss intervention-related change was detected in the sweet taste threshold of the OB group (p = 0.99).
As shown in Figure 2 , the suprathreshold perception of taste intensity of both groups increased progressively with an increase in stimulus concentration, both before and after weight loss. The ANOVA revealed no significant interaction (F(3, 196) = 0.14, p = 0.94) and main effect (F(1, 196) = 0.19, p = 0.67) before intervention. Also, no significant interaction (F(3, 172) = 0.44, p = 0.72) or main effect (F(1, 172) = 1.74, p = 0.19) was found after weight loss. Hedonic Component of Sweet Taste Perception Sweet Taste Preference As shown in Figure 3 , the OB group reported a preference for a higher sucrose concentration before weight loss than did the NC group (p = 0.033). However, no significant difference between the groups was found after weight loss intervention for the OB group (p = 0.43). Figure 4 shows the scores for the pleasure elicited from tasting sweetness and the desire for other taste normalized to their values at the first trial. The "pleasure elicited by sweetness" values at the first trial were 11.3 ± 5.0 for NC and -4.8 ± 6.4 for OB at baseline (p = 0.18). After weight loss, they were 4.4 ± 8.1 for NC and 2.5 ± 7.6 for OB (p = 0.79). The "desire for other taste" values at the first trial were 4.8 ± 1.4 for NC and 17.2 ± 3.7 for OB at baseline (p = 0.070). After weight loss, the interaction was no longer significant (F(2.47, 101.23) = 0.87, p = 0.44), and no significant main effect was detected (F(1, 41) = 0.024, p = 0.88). Figure 4B shows the kinetics of the normalized values of "desire for other taste." In the same manner, before intervention the ANOVA revealed significant interaction (F(2.61, 114.83) = 7.62, p < 0.001) and significant simple main effects of group at trials after the 4th (Fig. 4B) , which implies that the OB group presented a lower increase in desire for other tastes over time. After the intervention, interaction (F(2.96, 115.26) = 2.17, p = 0.097) and main effect (F(1, 39) = 1.44, p = 0.24) were not significant.
Sweet Taste Palatability
We added a before-after comparison of the sweet taste palatability values of the NC group because they appeared to be changed at follow-up ( Fig. 4 ). Repeated measures ANOVA was applied to compare the slopes, which resulted in no significant interaction (for "pleasure elicited by sweetness" values, F(3.05, 122.06) = 1.12, p = 0.35; for "desire for other taste" values, F(2.33, 88.35) = 1.18, p = 0.32).
Association between Sweet Taste Preference and Appetite Hormones
The serum leptin level was significantly higher in the OB group than in the NC group before weight loss (p < 0.001; Table 1 ). In contrast, the serum ghrelin levels were not significantly different before the intervention (p = 0.70; Table 1 ). Weight loss significantly decreased the serum leptin level of the OB group (14.8 ± 1.6 ng/mL, p < 0.001) to a level comparable to that observed in the NC group.
Subsequently performed Pearson correlation analysis revealed a trend toward a positive correlation between log sucrose concentration and serum leptin level in the OB group before weight loss (r = 0.378, p = 0.052). After adjusting for the effects of confounding factors such as BMI, depressive symptom scores, and trait anxiety scores, this trend emerged as a significant association (r = 0.487, p = 0.016).
Discussion/Conclusion
In the present study, we showed that our nonsurgical CBT-based weight loss intervention normalized the hedonic component of sweet taste perception of women with obesity to a level comparable to that of the NC group. This suggests that our behavior-focused weight loss caused normalization of central reward arising from sweet taste input. Current evidence suggests that taste perception is changed following weight loss induced by both surgical and nonsurgical procedures. Umabiki et al. [31] reported decreased sweet taste threshold after 12-week dietary weight loss by women with obesity, along with an association between changes in the serum leptin level and the sweet threshold. In the recent literature, Burgess et al. [32] reported that liking for sweet and fatty taste decreased after 6 months of dietary weight loss, without change of perceived intensity of taste. Martin et al. [33] studied food preference and revealed that weight loss by low-carbohydrate or low-fat dieting for 2 years reduced the preference and craving for restricted foods. With regard to surgical weight loss, Pepino et al. [6] reported that RYGB and laparoscopic gastric banding (LAGB) decreased perceived sweetness of sucrose and preferred sucrose concentration. RYGB also decreased the pleasure arising from repetitive tasting of the sweetness of sucrose, but LAGB did not change. More recently, they reported that weight loss induced by RYGB and sleeve gastrectomy lowered both preferred sucrose concentration and sweet taste palatability during a sequential sucrose-tasting task, without change of the sensory discriminative component of taste perception [7] . These findings are further supported by a brain imaging study, which showed that RYGB surgery-induced weight loss caused reduced neural activation in the reward circuitry in response to palatable food cues and lowered the hedonic drive to consume palatable foods [34, 35] .
Interestingly, we found that weight loss induced by the CBT-based approach altered the hedonic but not the sensory discriminative component of sweet taste, which is consistent with findings from the above studies. Together with this current evidence on different types of weight loss procedures, it would seem that the hedonic component is more likely to change than the sensory discriminative component, regardless of the procedure.
Our results indicate the possibility that changes of sweet taste preference and palatability are likely caused by secondary effects of improvement in obesity status. There are several potential mechanisms underlying obesity-associated alteration of taste perception. For example, appetite-regulating hormones, such as leptin, have been proposed as candidate molecules for mediating the beneficial effects of weight loss on taste perception [3, 31] . In fact, leptin is an adipose tissue hormone that can act in the brain, especially the mesolimbic dopamine system, and subsequently modulate the food reward system [36] [37] [38] . The current results of an increased basal serum leptin level in the patients and their association with sucrose preference concentrations imply that leptin activity may be the underlying mechanism of enhanced preference for people with obesity.
Another potential underlying mechanism that should be considered is a decreased amount of sweet taste experience, which can reduce hedonic responses arising from sweet taste input, as previously described [33] . Our participants with obesity significantly decreased the amount of daily sweets consumption, similar to the postsurgical dietary change seen in surgical weight loss participants.
This study is important in that it shows that nonsurgical weight loss, as with the previously well-researched surgical procedures, has a beneficial effect on sweet taste preference and palatability. However, because we did not study subjects who had undergone surgical weight loss, we cannot determine conclusively if the alterations of sweet taste preference and palatability of our participants are the same as those detected in the surgical weight loss studies. In addition, the finding of previous research that sweet taste palatability did not change after LAGB is contrary to our result [6] . It is possible that anatomical change of the gastrointestinal system and subsequent change in satiety-related gut hormones are involved in hedonic perceptional change following surgical weight loss. Additional studies are needed to elucidate the specific mechanisms underlying these shifts following weight loss therapy, as well as its impact on weight maintenance.
